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crystalline symmetry of ice and the local hydrogen bonding requirement of the water
molecule [4].

Over the past ten years, a certain class of insulating magnetic materials in which
the configurational disorder in the orientations of the magnetic moments is precisely
the same as that of water ice have been the subject of numerous experimental and
theoretical studies. Because of their analogy with water ice, these systems have
been coined the name spin ice [5, 6, 7, 8, 9]. Most chapters in this book focus on
geometrically frustrated antiferromagnets. The main reason for the interest in frus-
trated antiferromagnets is the pursuit of novel quantum ground states with exciting
properties which, because of the increased quantum zero point motion caused by
the frustration, lack conventional semi-classical long-range Néel order. This chapter
differs in that the spin ices are frustrated Ising ferromagnets and where quantum
fluctuations do not play a significant role. Yet, experimental and theoretical studies
have revealed a great richness of equilibrium and non-equilibrium thermodynamic
behaviors in spin ice systems [9]. This chapter reviews some of the salient elements
of the spin ice phenomenology. It draws particular attention to the problem of water
ice and the semi-formal origin of the Ising nature of the magnetic moments in spin
ice materials, two topics that are not usually covered in detail in standard graduate
solid state textbooks. It also reviews in some detail the mean-field theory of spin
ices as this simple tool played a key role in uncovering the microscopic origin behind
the emergence of the ice rules in real dipolar spin ice materals. We end the chapter
with a brief discussion of research topics on spin ices that are of current interest.

Fig. 1.1. Left: Local proton arrangement in water ice, showing O2− ions (large
white circles) and protons (hydrogen ions, H+, small black circles). Each O2− is
tetrahedrally coordinated with four other O2−, with two near covalently bonded
protons, and two further hydrogen bonded protons. In the hexagonal phase of ice, Ih,
the low energy configurations obey the so-called Bernal-Fowler “ice rules” [10] where
each O2− oxide has “two-near” and “two-far” protons. Right: Same as left picture,
but where the position of a proton is represented by a displacement vector (arrow)
located at the mid-point of the O2−−O2− (oxide-oxide) bond. The “two-near/two-
far” Bernal-Fowler ice rule then translates into a “two-in/two-out” configuration
of the displacement vectors. The displacement vectors become the Ising magnetic
moments in spin ice (see Fig. 1.2).
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A key physical distinction among the candidates is their degree of 
charge localization — this is important for understanding the mech-
anism of the spin-liquid behaviour. The kagomé materials can be 
regarded as strong Mott insulators, in which the electrons constituting 
the spins are approximately localized to a single atomic orbital. This can 
be seen from the small exchange couplings (proportional to the Curie–
Weiss temperature, ΘCW) relative to the Mott charge gap, which is of the 
order of electronvolts (eV) in such copper oxides. For these materials, a 
microscopic description purely in terms of Heisenberg spins is justified. 
By contrast, for the organic compounds and Na4Ir3O8, the exchange 
energies are larger and the charge gaps are smaller. These materials are 
therefore weak Mott insulators, in which the electronic spins are much 
less well localized, so charge fluctuations may have an important role. 
In the organic compounds, the Hubbard repulsion, U (Box 2), which 
sets the Mott gap, is much smaller than in inorganic compounds, owing 
to the extended nature of the molecular orbital constituting each spin. 
In Na4Ir3O8, U is likewise reduced because 5d orbitals are sig nificantly 
larger than 3d ones. The fact that metal–insulator transitions can be 
induced by physical pressure or chemical pressure in all three cases 
(for the two organic compounds and Na4Ir3O8)43,44, and the fact that 
in κ-(BEDT-TTF)2Cu2(CN)3 no clear Mott gap is seen spectroscopi-
cally45, is direct experimental evidence that these materials are weak 
Mott insulators. The applicability of a Heisenberg spin description to 
these materials is thus open to question.

Thermodynamic studies of these materials are also important because 
they reveal the spectrum of low-energy states, an abundance of which 
is expected in frustrated sys tems. At very low temperatures, the func-
tional form of the specific heat and sometimes the spin (or magnetic) 
susceptibility can distinguish between QSLs. The general thermody-
namic features of the materials are remarkably similar. In all cases in 
which it has been measured, the magnetic specific heat shows a peak 
well below the Curie–Weiss temperature46–49, indicating that significant 
spin entropy is maintained above this peak temperature. This specific 
heat then gradually decreases on further lowering of the temperature, in 
a manner that can roughly be fitted to a quadratic behaviour, Cv ≈ AT2, 
where Cv is molar specific heat at constant volume and A is a constant. 
This non-exponential form clearly indicates the absence of an energy 
gap. However, some caution is in order before interpreting this as char-
acteristic of QSLs: such approx imately quadratic behaviour of Cv is com-
mon in frustrated magnets, even ones that are classical and for which 
QSL physics is clearly irrelevant50. At very low temperatures, the can-
didate QSL materials generally show a linear behaviour, Cv ≈ γT, where 
γ is the Sommerfeld coefficient (refs 46–49, 51), which varies widely 
(between 1 and 250 mJ K−2 mol−1). This is evidence of a large density of 
low-energy states.

Ideally, the spin susceptibility, χ, is a useful measure of the available 
low-energy spin excitations. All of the candidate QSL materials also show 
a large Pauli-like paramagnetic susceptibility, χ0, in the zero-temperature 
limit. This susceptibility is smallest for the organic compounds: for these, 
χ0 ≈ 3 × 10−4 e.m.u. mol−1 (refs 52, 53), whereas it is 3–10 times larger 
for the inorganic compounds41,42,46,47,49. Before these values of χ0 can be 
interpreted as additional evidence for gapless excitations in QSLs, it is 
important to consider the influence of spin–orbit coupling. Spin–orbit 
coupling generally leads to a non-zero χ0 value irrespective of the pres-
ence or absence of an energy gap. An empirical indicator of the impor-
tance of spin–orbit coupling is the Wilson ratio, which is defined as

 4π2kB
2χ0

 
 R = _________  (1)
 3(gμB)2γ 

and should be, at most, of order 1 in the absence of strong ferro magnetic 
tendencies or spin–orbit coupling. Because all of the candidate QSL 
materials are strongly anti ferromagnetic, the ferromagnetic interpreta-
tion is untenable. In fact, most (but not all) QSL theories, in the absence 
of spin–orbit coupling, predict that R << 1. By contrast, the measured 
Wilson ratios for all of the QSL candidates in Table 1 are significantly 

larger than 1, with the exception of ZnCu3(OH)6Cl2 (for which an 
estimate of the intrinsic γ value, uncontaminated by impurities, is 
not available) and κ-(BEDT-TTF)2Cu2(CN)3. The value of the Wilson 
ratio for ZnCu3(OH)6Cl2 is probably suppressed by the high degree 
of disorder. The extremely large value for Na4Ir3O8 (R  = 70) indicates 
very strong spin–orbit effects, which are not surprising given the large 
atomic number of iridium.

The most direct evidence for a lack of magnetic ordering comes from 
local probe measurements, by using techniques such as NMR and muon 
spin resonance, in which local fields resulting from static moments affect 
the nuclear or muon spins and can be readily detected by their influence 
on the muon spins. Such measurements have confirmed the absence of 
local static moments down to T = 32 mK in κ-(BEDT-TTF)2Cu2(CN)3 
(ref. 52), T = 1.37 K in EtMe3Sb[Pd(dmit)2]2 (ref. 54) and T = 50 mK in 
ZnCu3(OH)6Cl2 (ref. 55). How ever, in Cu3V2O7(OH)2•2H2O, magnetic 

Figure 2 | Spins, artificial magnetic fields and monopoles in spin 
ice. a, A ground-state configuration of spins is shown in a pyrochlore 
lattice. The spins obey the constraint of the ice rules that mandates two 
inward-pointing spins and two outward-pointing ones on each tetrahedron. 
b, For the same lattice type, some of the loops of ‘magnetic flux’ are shown 
(red lines), as defined by the mapping of spins to an artificial magnetic field. 
c, For the same lattice type, a monopole (green) and antimonopole (red) 
are shown. These are created by flipping the ‘string’ of spins connected by 
the yellow line (compare with the spins in b). For simplicity, the particles 
themselves are not depicted. Note that the spins on the tetrahedron 
containing a monopole (antimonopole) orient three-in, one-out (three-out, 
one-in), violating the ice rules.
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where Qa denotes the total magnetic charge at site a in the diamond
lattice, and rab is the distance between two sites. The finite ‘self-
energy’ u0/2 is required to reproduce the net nearest-neighbour inter-
action correctly. Equation (2)—which is derived in detail in the
Supplementary Information—is equivalent to the dipolar energy
equation (1), up to corrections that are small everywhere, and vanish
with distance at least as fast as 1/r5.

We consider first the ground states of the system. The total energy
is minimized if each diamond lattice site is net neutral, that is, we
must orient the dumbbells so thatQa5 0 on each site. But this is just
the above-mentioned ice rule, as illustrated in Fig. 2. Thus, one of the
most remarkable features of spin ice follows directly from the dumb-
bell model: the measured low-T entropy agrees with the Pauling
entropy (which follows from the short-distance ice rules), even
though the dipolar interactions are long-range.

We now turn to the excited states. Naively, the most elementary
excitation involves inverting a single dipole / dumbbell to generate a

local net dipole moment 2m. However, this is misleading in a crucial
sense. The inverted dumbbell in fact corresponds to two adjacent
sites with net magnetic charge Qa56qm562m/ad—a nearest-
neighbour monopole–antimonopole pair. As shown in Fig. 2e, the
monopoles can be separated from one another without further viola-
tions of local neutrality by flipping a chain of adjacent dumbbells. A
pair of monopoles separated by a distance r experiences a Coulombic
interaction,{m0q

2
m

!
4prð Þ, mediated by monopolar magnetic fields,

see Fig. 3.
This interaction is indeed magnetic, hence the presence of the

vacuum permeability m0, and not 1/e0, the inverse of the vacuum
permittivity. It takes only a finite energy to separate the monopoles
to infinity (that is, they are deconfined), and so they are the true
elementary excitations of the system: the local dipolar excitation
fractionalizes.

By taking the pictures from the dumbbell representation seriously,
we may be thought somehow to be introducing monopoles where
there were none to begin with. In general, it is of course well known
that a string of dipoles arranged head to tail realizes a monopole–
antimonopole pair at its ends17. However, to obtain deconfined
monopoles, it is essential that the cost of creating such a string of
dipoles remain bounded as its length grows, that is, the relevant string
tension should vanish. This is evidently not true in a vacuum (such as
that of the Universe) where the growth of the string can only come at
the cost of creating additional dipoles. Magnetic materials, which
come equipped with vacua (ground states) filled with magnetic
dipoles, are more promising. However, even here a dipole string is
not always a natural excitation, and when it is—for example, in an
ordered ferromagnet – a string of inverted dipoles is accompanied
by costly domain walls along its length (except, as usual, for one-
dimensional systems18), causing the incipient monopoles to remain
confined.

The unusual properties of spin ice arise from its exotic ground
states. The ice rule can be viewed as requiring that two dipole strings
enter and exit each site of the diamond lattice. In a typical spin-ice
ground state, there is a ‘soup’ of such strings: many dipole strings
of arbitrary size and shape can be identified that connect a given pair
of sites. Inverting the dipoles along any one such string creates a
monopole–antimonopole pair on the sites at its ends. The associated
energy cost does not diverge with the length of the string, unlike in
the case of an ordered ferromagnet, because no domain walls are
created along the string, and the monopoles are thus deconfined.

We did not make reference to the Dirac condition19 that the fun-
damental electric charge e and anymagnetic charge qmust exhibit the
relationship eq5 nh/m0 whence any monopoles in our universe must
be quantized in units of qD5 h/m0e. This follows from the monopole
being attached to a Dirac string, which has to be unobservable17. By
contrast, the string soup characteristic of spin ice at low temperature

a b

c

e

d

Figure 2 | Mapping from dipoles to dumbbells. The dumbbell picture
(c, d) is obtained by replacing each spin in a and b by a pair of opposite
magnetic charges placed on the adjacent sites of the diamond lattice. In the
left panels (a, c), two neighbouring tetrahedra obey the ice rule, with two
spins pointing in and two out, giving zero net charge on each site. In the right
panels (b, d), inverting the shared spin generates a pair of magnetic
monopoles (diamond sites with net magnetic charge). This configuration
has a higher net magnetic moment and it is favoured by an appliedmagnetic
field oriented upward (corresponding to a [111] direction). e, A pair of
separated monopoles (large red and blue spheres). A chain of inverted
dipoles (‘Dirac string’) between them is highlighted in white, and the
magnetic field lines are sketched.
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Figure 3 | Monopole interaction. Comparison of the magnetic Coulomb
energy {m0q

2
m

!
4prð Þ (equation (2); solid line) with a direct numerical

evaluation of the monopole interaction energy in dipolar spin ice (equation
(1); open circles), for a given spin-ice configuration (Fig. 2e), as a function of
monopole separation.
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canonical spin glass. Earlier µSR measurements revealed
a slowing down of spin fluctuation upon cooling below
5 K, consistent with a freezing process, although the
time dependence of the polarization clearly lacks the 1

3
Kubo-Toyabe tail characteristic of static order, expected
for canonical spin glasses such as CuMn.59 Below 5 K,
the spin dynamics remains largely dynamic in nature as
shown by the large spin-lattice relaxation rate and the
field dependence of the relaxation. We also note that
L’hotel et al.

37 report a distinction between the glassy
behavior observed in Tb2Ti2O7 and canonical spin glass
behavior based on the frequency dependence of their ac-
susceptibility data.

Based on the temperature and field dependence of the�
1
2 ,

1
2 ,

1
2

�
elastic scattering, we can construct an H-T

phase diagram for Tb2Ti2O7 in [1-10] field, shown in Fig-
ure 5, including the high-field and high-temperature re-
gions determined by Rule et al.’s work.44 Note that both
temperature and field axes are on a logarithmic scale.
It is striking that our inelastic neutron scattering mea-
surements and the ac-susceptibility work of Yin et al.

40

bound the same low T , low H phase in the phase dia-
gram. Thus, we believe they pertain to the same mi-
croscopic origin, and demark the same frozen antiferro-
magnetic spin ice state deduced from the elastic neutron
scattering pattern.36

FIG. 5. H-T phase diagram for Tb
2

Ti
2

O
7

in [1-10] field ex-
tracted from neutron scattering measurements in the low field
and low temperature region presented in this work and from
high field and higher temperature measurements by Rule et
al.44 The magnetic phase transitions measured by Yin et al.40

from ac-susceptibility with fields along [111] are also shown.

Higher energy resolution neutron scattering measure-
ments with E

i

= 1.28 meV were performed to investigate
the temperature and Q-dependence of the low-lying spin
excitations in Tb2Ti2O7 in zero magnetic field. Figure
6(b) shows a plot of intensity vs energy transfer obtained
by integrating over the two ( 12 ,

1
2 ,

1
2 ) positions in recipro-

cal space shown as the black squares in the left scatter-

FIG. 6. High-resolution inelastic neutron scattering data of
Tb

2

Ti
2

O
7

in zero field. Panel (b) shows intensity vs energy
transfer around the ( 1

2

, 1
2

, 3
2

) and (- 1
2

,- 1
2

, 3
2

)positions, as a func-
tion of temperature. Note the logarithmic intensity scale. The
Q-integration range (H= [±0.3,±0.7], L = [1.2, 1.8] r.l.u.)
is shown by the black squares in the scattering map on the
left in panel (a). The inset to panel (b) shows the inten-
sity vs energy transfer for the averaged ( 1

2

, 1
2

, 1
2

) (on-peak)
positions compared to other averaged (o↵-peak) positions at
T = 80 mK. The shaded areas, bounded by phenomenologi-
cal fits to a Gaussian (elastic line) and Lorentzian (inelastic)
lineshape for each of the on-peak and o↵-peak spectra, show
a downwards shift of spectral weight by ⇠ 0.015 meV at the
( 1
2

, 1
2

, 1
2

) positions (grey color) compared to the o↵-peak (ma-
genta) positions.

ing map of Figure 6(a). Data is shown for three di↵erent
temperatures, in the ground state (T = 80 mK), near
the spin glass-like transition (T = 275 mK) and well
above the transition (T = 600 mK). As the temperature
is lowered through the transition at 275 mK, spectral
weight is transferred from the low-energy inelastic chan-
nel into the resolution-limited elastic channel (-0.02 meV
< E <0.02 meV), opening up a gap of ⇠ 0.06�0.08 meV.
The low-lying spin excitation spectrum above the gap ex-
tends ⇠0.2meV. This collapse of the magnetic spectral
weight over much of the magnetic Brillouin zone into the
elastic channel is a clear signature of spin freezing be-
havior, as observed in spin glasses such as, for example,
Y2Mo2O7.60

µSR measurements15,54 in zero field have consistently
reported persistent dynamics in the spin lattice relax-
ation rate down to very low temperatures in Tb2Ti2O7,
which may suggest that either the elastic scattering itself

3

terloo. The crystal used for neutron scattering measure-
ments was cut and sectioned into a 33.8 mg mass with
dimension 2.6 x 2.6 x 1.3 mm3 and this smaller single
crystal was used in the heat capacity study. The relax-
ation method was employed with a thermal weak link
of manganin wire, with conductance 5.0 x 10�7 J/K/s at
0.80 K. The resulting time constant was greater than 600
seconds at the highest temperature measured. The av-
erage step size for the relaxation measurement was 3.5%
of the nominal temperature, with a minimum equilibra-
tion time window of five times the thermal relaxation
constant.

III. MAGNETIC FIELD DEPENDENCE

Figure 1 shows a series of elastic scattering maps in
the (H,H,L) plane for di↵erent magnetic fields applied
along [1-10 ] in panels (a) through (e). Here, elastic
scattering integrates over -0.1 meV < E < 0.1 meV
in energy. Figure 1(f) shows a cut of this elastic scat-
tering, along the [111] high-symmetry direction covering
the (�0.5,�0.5, 1.5), (0.5, 0.5, 2.5) as well as the (0, 0, 2)
and (1, 1, 3) Bragg positions, as indicated by the yellow
dashed line in Fig. 1(e). As the applied magnetic field
is increased to 0.05 T, the previously observed strong
di↵use scattering at the

�
1
2 ,

1
2 ,

1
2

�
positions in zero field

(panel (a)) gets suppressed substantially (panel (b)) and
is much reduced by 0.075 T (panel (c)).

Simultaneous to the suppression of the
�
1
2 ,

1
2 ,

1
2

�
dif-

fuse scattering intensity in fields up to 0.075 T, we ob-
serve a strong build-up in magnetic elastic intensity at
the structurally forbidden (0, 0, 2) Bragg peak. As the
field is increased further (panels (d) and (e)), most of
the remaining di↵use scattering condenses into the Bragg
position at (0, 0, 2). The intensity scale is linear for Fig.
1(a)-(e). In contrast, the cut along the [111] direction
through (0, 0, 2) in Fig. 1(f) is plotted on a logarithmic
intensity scale. Note that the highest applied field here,
0.2 T, is still far below the critical [1-10 ] field ⇠ 2 T,
above which Tb2Ti2O7 is found in a field-induced anti-
ferromagnetic long-range ordered state, characterized by
the appearance of resolution-limited spin waves and a
strong (1, 1, 2) magnetic Bragg peak.44

A further feature in the elastic scattering maps are
weak rods of scattering along both the h00Li and
h111i directions that can be identified as evidence for
significant anisotropic exchange in Tb2Ti2O7.34 Rods
of magnetic scattering have been identified in other
rare-earth titanate pyrochlores, such as Yb2Ti2O7,48

where anisotropic exchange is well established.12,49,50

Anisotropic exchange in Tb2Ti2O7 has recently been in-
vestigated in papers by Bonville et al.24 and by Curnoe,51

the latter of which related an e↵ective S = 1/2 spin
Hamiltonian to di↵use magnetic neutron scattering. Re-
cent work by Bonville et al.,52 invoking a dynamic Jahn-
Teller e↵ect coupling based on observations of magne-
toelastic excitations coupling the crystal field excitations

a)

b)

c)

d)

e)

f ) 0.00 T
0.05 T

0.075 T

0.10 T
0.20 T

0 0.5 1.0-0.5-1.0
0
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2

3

0
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2

3

0
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40
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8
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FIG. 1. Elastic neutron scattering data within the (H,H,L)
plane of Tb

2

Ti
2

O
7

at T = 80 mK for di↵erent values of ap-
plied magnetic field (H k [ 1-10 ]). The energy is integrated
from -0.1 meV < E < 0.1 meV. Panels (a) through (e) show
the evolution of the elastic scattering for an applied magnetic
field of 0, 0.05, 0.075, 0.1 and 0.2 T, respectively. Panel (f)
shows the magnetic field dependence of the elastic scattering
along the [111] direction cutting through the (0, 0, 2) Bragg
position as indicated by the yellow arrow in panel (e). The�
1

2

, 1

2

, 1

2

�
peaks vanish around µ

0

H ⇠ 0.075 T. All data have
an empty can background subtracted. The error bars are
±1�.

with acoustic phonon modes,30,31, can also successfully
model the di↵use rods of scattering. However, such a sce-
nario is not compatible with static magnetic correlations
nor with quasi-elastic scattering at very low temperature.
One can integrate up the elastic scattering data in a

relatively small region around the
�
1
2 ,

1
2 ,

1
2

�
or (0, 0, 2) po-

sitions in reciprocal space, and look at its explicit [1-10 ]
magnetic field dependence. This is what is shown in Fig.
2, with relatively small integration ranges of ±0.2 r.l.u.
in [H,H,H], and ±0.15 r.l.u. perpendicular to [H,H,H]
for

�
1
2 ,

1
2 ,

1
2

�
, and ±0.1 r.l.u. in [H,H,H] and ±0.15 r.l.u.

perpendicular to [H,H,H] for (0, 0, 2). We identify the
inflection point in the field dependence of

�
1
2 ,

1
2 ,

1
2

�
near

µ0H ⇠ 0.075 T, as well as the leveling o↵ of the (0, 0, 2)
elastic intensity for fields beyond 0.075 T with the T ⇠ 0
phase boundary to the frozen, antiferromagnetic spin ice
state in Tb2Ti2O7. The inset to Fig. 2 shows a color map
of the di↵use elastic scattering around the (0,0,2) posi-
tion. This color map is made of a series of scans along
[H,H,2], integrating over L= [1.9, 2.1] r.l.u.. The resolu-
tion limited weak scattering at (0,0,2) in zero magnetic
field has been fit and removed from the scattered inten-
sity shown in this inset. As evident from this map and
consistent with the integrated elastic intensity shown in
Fig. 2, strong di↵use scattering at the

�
1
2 ,

1
2 ,

1
2

�
positions

is present below µ0H = 0.075 T, and this extends across
these [H,H,2] scans, that is to (0.5,0.5,2) and (-0.5,-0.5,2).

Gapless 
Zero-Field  

Cooled State

Gapped  
Field  

Cooled State

Tb2Ti2O7
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canonical spin glass. Earlier µSR measurements revealed
a slowing down of spin fluctuation upon cooling below
5 K, consistent with a freezing process, although the
time dependence of the polarization clearly lacks the 1

3
Kubo-Toyabe tail characteristic of static order, expected
for canonical spin glasses such as CuMn.59 Below 5 K,
the spin dynamics remains largely dynamic in nature as
shown by the large spin-lattice relaxation rate and the
field dependence of the relaxation. We also note that
L’hotel et al.

37 report a distinction between the glassy
behavior observed in Tb2Ti2O7 and canonical spin glass
behavior based on the frequency dependence of their ac-
susceptibility data.

Based on the temperature and field dependence of the�
1
2 ,

1
2 ,

1
2

�
elastic scattering, we can construct an H-T

phase diagram for Tb2Ti2O7 in [1-10] field, shown in Fig-
ure 5, including the high-field and high-temperature re-
gions determined by Rule et al.’s work.44 Note that both
temperature and field axes are on a logarithmic scale.
It is striking that our inelastic neutron scattering mea-
surements and the ac-susceptibility work of Yin et al.

40

bound the same low T , low H phase in the phase dia-
gram. Thus, we believe they pertain to the same mi-
croscopic origin, and demark the same frozen antiferro-
magnetic spin ice state deduced from the elastic neutron
scattering pattern.36

FIG. 5. H-T phase diagram for Tb
2

Ti
2

O
7

in [1-10] field ex-
tracted from neutron scattering measurements in the low field
and low temperature region presented in this work and from
high field and higher temperature measurements by Rule et
al.44 The magnetic phase transitions measured by Yin et al.40

from ac-susceptibility with fields along [111] are also shown.

Higher energy resolution neutron scattering measure-
ments with E

i

= 1.28 meV were performed to investigate
the temperature and Q-dependence of the low-lying spin
excitations in Tb2Ti2O7 in zero magnetic field. Figure
6(b) shows a plot of intensity vs energy transfer obtained
by integrating over the two ( 12 ,

1
2 ,

1
2 ) positions in recipro-

cal space shown as the black squares in the left scatter-

FIG. 6. High-resolution inelastic neutron scattering data of
Tb

2

Ti
2

O
7

in zero field. Panel (b) shows intensity vs energy
transfer around the ( 1

2

, 1
2

, 3
2

) and (- 1
2

,- 1
2

, 3
2

)positions, as a func-
tion of temperature. Note the logarithmic intensity scale. The
Q-integration range (H= [±0.3,±0.7], L = [1.2, 1.8] r.l.u.)
is shown by the black squares in the scattering map on the
left in panel (a). The inset to panel (b) shows the inten-
sity vs energy transfer for the averaged ( 1

2

, 1
2

, 1
2

) (on-peak)
positions compared to other averaged (o↵-peak) positions at
T = 80 mK. The shaded areas, bounded by phenomenologi-
cal fits to a Gaussian (elastic line) and Lorentzian (inelastic)
lineshape for each of the on-peak and o↵-peak spectra, show
a downwards shift of spectral weight by ⇠ 0.015 meV at the
( 1
2

, 1
2

, 1
2

) positions (grey color) compared to the o↵-peak (ma-
genta) positions.

ing map of Figure 6(a). Data is shown for three di↵erent
temperatures, in the ground state (T = 80 mK), near
the spin glass-like transition (T = 275 mK) and well
above the transition (T = 600 mK). As the temperature
is lowered through the transition at 275 mK, spectral
weight is transferred from the low-energy inelastic chan-
nel into the resolution-limited elastic channel (-0.02 meV
< E <0.02 meV), opening up a gap of ⇠ 0.06�0.08 meV.
The low-lying spin excitation spectrum above the gap ex-
tends ⇠0.2meV. This collapse of the magnetic spectral
weight over much of the magnetic Brillouin zone into the
elastic channel is a clear signature of spin freezing be-
havior, as observed in spin glasses such as, for example,
Y2Mo2O7.60

µSR measurements15,54 in zero field have consistently
reported persistent dynamics in the spin lattice relax-
ation rate down to very low temperatures in Tb2Ti2O7,
which may suggest that either the elastic scattering itself

3

terloo. The crystal used for neutron scattering measure-
ments was cut and sectioned into a 33.8 mg mass with
dimension 2.6 x 2.6 x 1.3 mm3 and this smaller single
crystal was used in the heat capacity study. The relax-
ation method was employed with a thermal weak link
of manganin wire, with conductance 5.0 x 10�7 J/K/s at
0.80 K. The resulting time constant was greater than 600
seconds at the highest temperature measured. The av-
erage step size for the relaxation measurement was 3.5%
of the nominal temperature, with a minimum equilibra-
tion time window of five times the thermal relaxation
constant.

III. MAGNETIC FIELD DEPENDENCE

Figure 1 shows a series of elastic scattering maps in
the (H,H,L) plane for di↵erent magnetic fields applied
along [1-10 ] in panels (a) through (e). Here, elastic
scattering integrates over -0.1 meV < E < 0.1 meV
in energy. Figure 1(f) shows a cut of this elastic scat-
tering, along the [111] high-symmetry direction covering
the (�0.5,�0.5, 1.5), (0.5, 0.5, 2.5) as well as the (0, 0, 2)
and (1, 1, 3) Bragg positions, as indicated by the yellow
dashed line in Fig. 1(e). As the applied magnetic field
is increased to 0.05 T, the previously observed strong
di↵use scattering at the

�
1
2 ,

1
2 ,

1
2

�
positions in zero field

(panel (a)) gets suppressed substantially (panel (b)) and
is much reduced by 0.075 T (panel (c)).

Simultaneous to the suppression of the
�
1
2 ,

1
2 ,

1
2

�
dif-

fuse scattering intensity in fields up to 0.075 T, we ob-
serve a strong build-up in magnetic elastic intensity at
the structurally forbidden (0, 0, 2) Bragg peak. As the
field is increased further (panels (d) and (e)), most of
the remaining di↵use scattering condenses into the Bragg
position at (0, 0, 2). The intensity scale is linear for Fig.
1(a)-(e). In contrast, the cut along the [111] direction
through (0, 0, 2) in Fig. 1(f) is plotted on a logarithmic
intensity scale. Note that the highest applied field here,
0.2 T, is still far below the critical [1-10 ] field ⇠ 2 T,
above which Tb2Ti2O7 is found in a field-induced anti-
ferromagnetic long-range ordered state, characterized by
the appearance of resolution-limited spin waves and a
strong (1, 1, 2) magnetic Bragg peak.44

A further feature in the elastic scattering maps are
weak rods of scattering along both the h00Li and
h111i directions that can be identified as evidence for
significant anisotropic exchange in Tb2Ti2O7.34 Rods
of magnetic scattering have been identified in other
rare-earth titanate pyrochlores, such as Yb2Ti2O7,48

where anisotropic exchange is well established.12,49,50

Anisotropic exchange in Tb2Ti2O7 has recently been in-
vestigated in papers by Bonville et al.24 and by Curnoe,51

the latter of which related an e↵ective S = 1/2 spin
Hamiltonian to di↵use magnetic neutron scattering. Re-
cent work by Bonville et al.,52 invoking a dynamic Jahn-
Teller e↵ect coupling based on observations of magne-
toelastic excitations coupling the crystal field excitations
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FIG. 1. Elastic neutron scattering data within the (H,H,L)
plane of Tb

2

Ti
2

O
7

at T = 80 mK for di↵erent values of ap-
plied magnetic field (H k [ 1-10 ]). The energy is integrated
from -0.1 meV < E < 0.1 meV. Panels (a) through (e) show
the evolution of the elastic scattering for an applied magnetic
field of 0, 0.05, 0.075, 0.1 and 0.2 T, respectively. Panel (f)
shows the magnetic field dependence of the elastic scattering
along the [111] direction cutting through the (0, 0, 2) Bragg
position as indicated by the yellow arrow in panel (e). The�
1

2

, 1

2

, 1

2

�
peaks vanish around µ

0

H ⇠ 0.075 T. All data have
an empty can background subtracted. The error bars are
±1�.

with acoustic phonon modes,30,31, can also successfully
model the di↵use rods of scattering. However, such a sce-
nario is not compatible with static magnetic correlations
nor with quasi-elastic scattering at very low temperature.
One can integrate up the elastic scattering data in a

relatively small region around the
�
1
2 ,

1
2 ,

1
2

�
or (0, 0, 2) po-

sitions in reciprocal space, and look at its explicit [1-10 ]
magnetic field dependence. This is what is shown in Fig.
2, with relatively small integration ranges of ±0.2 r.l.u.
in [H,H,H], and ±0.15 r.l.u. perpendicular to [H,H,H]
for

�
1
2 ,

1
2 ,

1
2

�
, and ±0.1 r.l.u. in [H,H,H] and ±0.15 r.l.u.

perpendicular to [H,H,H] for (0, 0, 2). We identify the
inflection point in the field dependence of

�
1
2 ,

1
2 ,

1
2

�
near

µ0H ⇠ 0.075 T, as well as the leveling o↵ of the (0, 0, 2)
elastic intensity for fields beyond 0.075 T with the T ⇠ 0
phase boundary to the frozen, antiferromagnetic spin ice
state in Tb2Ti2O7. The inset to Fig. 2 shows a color map
of the di↵use elastic scattering around the (0,0,2) posi-
tion. This color map is made of a series of scans along
[H,H,2], integrating over L= [1.9, 2.1] r.l.u.. The resolu-
tion limited weak scattering at (0,0,2) in zero magnetic
field has been fit and removed from the scattered inten-
sity shown in this inset. As evident from this map and
consistent with the integrated elastic intensity shown in
Fig. 2, strong di↵use scattering at the

�
1
2 ,

1
2 ,

1
2

�
positions

is present below µ0H = 0.075 T, and this extends across
these [H,H,2] scans, that is to (0.5,0.5,2) and (-0.5,-0.5,2).
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 New Single Crystals Grown with varying Tb:Ti   

i.e. “stuffing” - New samples have no Cp anomaly

2

vestigates the cause of this sample dependence in the sin-
gle crystals, though a powder neutron di↵raction study
of a sintered powder found exact stoichiometry to within
their experimental error of 2%.12 We can assume that the
sample dependence of the magnetic properties is the re-
sult of structural defects of some type which are so far
uncharacterized in the single crystals, and are therefore
uncontrolled.

More recently, the same issue of sample depen-
dence has arisen in Yb2Ti2O7, but with much more
dramatic consequences. Yb2Ti2O7 has long been an
enigma when it comes to its magnetic ground state,
which has been variously, and incompatibly, described
as being long-range ordered in a collinear ferromag-
netic (FM) state,13,14 having non-collinear long range
FM fluctuations,15 or having short-range correlated
fluctuations.16–18 The specific heat of Yb2Ti2O7 is par-
ticularly revealing. Some samples show sharp anomalies,
with the sharpest and highest temperature anomaly ob-
served so far being at 265mK in a powder sample pre-
pared at McMaster University.18 Other powder samples
show slightly broader anomalies at lower temperatures;
250mK,19 240mK20 and 214mK.21 The single crystal
samples grown by the OFZ method in several laborato-
ries are even more variable, showing very broad humps
instead of sharp anomalies ,14,18,20 and in some cases
show a mixture of both broad humps and sharp peaks.18
The loss of the extremely sharp specific heat anomaly,
which signals a magnetic phase transition, likely means
that some of the samples do not reach the ground state
that would occur in a nominally “perfect” sample.

A neutron scattering study of single crystal Yb2Ti2O7

in the presence of a high magnetic field applied
along the [110] direction has revealed sharp spin-wave
excitations,17 which have been accurately modeled using
an anisotropic exchange Hamiltonian.22 The extracted
parameters revealed spin-ice type exchange, i.e. FM ex-
change between the local h111i components of the spins
at the Yb3+ sites, in addition to significant quantum fluc-
tuations. Thus, Yb2Ti2O7 can be thought of as a “quan-
tum spin ice” material, an analog to the classical spin ice
state found in Ho2Ti2O7 and Dy2Ti2O7

23 but with quan-
tum dynamics allowing tunnelling between the many al-
lowed spin ice ground states.22,24–26 The precise loca-
tion of Yb2Ti2O7 on the four-exchange-parameter phase
diagram of the S=1/2 anisotropic exchange model for
the pyrochlore lattice is still unknown, but it appears to
be close to the predicted Coulombic Quantum Spin Liq-
uid (QSL) phase that is expected to remain disordered
and support exotic emergent excitations such as mag-
netic monopoles.27 Another likely possibility is a simple
FM ordered phase which is nearby in the phase diagram.
This proximity to the phase boundary may mean that
small perturbations to the exchange parameters, even
locally, could induce a significant change in its ground
state.

The body of work on Yb2Ti2O7 contains the following
information on the sample dependence and the nature of
the ground state:

• Powder samples tend to have a single specific
heat anomaly, variable in both sharpness and tem-
perature, reported to occur between 214mK and
265mK.18–21

• Single crystal samples tend to have broad humps
in the specific heat.18,20

• A powder sample with a fairly sharp specific heat
anomaly at T=250mK19 shows a first-order drop
in spin flucutation frequency, but remains dynamic
below this transition and does not show signs for
long-range order.16

• A single crystal sample with both a broad hump in
the specific heat at 200mK and a sharp anomaly
at 265mK shows a dynamic, short-range three-
dimensionally correlated ground state that emerges
from a short range two-dimensionally correlated
state above T=400mK.18

• One crystal has been reported to have a sin-
gle, somewhat-sharp specific heat anomaly at
240mK. This crystal shows some signs of a sim-
ple collinear FM ground state that emerges from
a two-dimensionally correlated state that exists
above the transition temperature.13,14

Yb3+ (16d)

Ti4+ (16c)

Yb3+ (16c)

FIG. 1: The pyrochlore lattice, showing only cation posi-
tions. The stu↵ed pyrochlores include some RE cations (mag-
netic Yb3+) on the transition metal (non-magnetic Ti4+) site.
Here, this extra rare earth is shown in yellow. This introduces
extra near-neighbor exchange at some RE sites.

Because the single crystal samples show variable,
broad, and lower temperature specific heat features, one

Taniguchi et al, Phys. Rev. B, 87, 060408(R), 2013.  

Tb(2+x)Ti(2-x)O7
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